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Abstract: The solution-phase self-assembly of bidentate 16-[3,5-bis(mercaptomethyl)phenoxy]hexadecanoic acid (BMPHA) on Au(111) was studied using nano-fabrication
protocols with scanning probe nanolithography and immersion particle lithography.
Molecularly thin films of BMPHA prepared by surface self-assembly have potential
application as spatially selective layers in sensor designs. Either monolayer or bilayer films
of BMPHA can be formed under ambient conditions, depending on the parameters of
concentration and immersion intervals. Experiments with scanning probe-based
lithography (nanoshaving and nanografting) were applied to measure the thickness of
BMPHA films. The thickness of a monolayer and bilayer film of BMPHA on Au(111)
were measured in situ with atomic force microscopy using n-octadecanethiol as an internal
reference. Scanning probe-based nanofabrication provides a way to insert nanopatterns of a
reference molecule of known dimensions within a matrix film of unknown thickness to
enable a direct comparison of heights and surface morphology. Immersion particle
lithography was used to prepare a periodic arrangement of nanoholes within films of
BMPHA. The nanoholes could be backfilled by immersion in a SAM solution to produce
nanodots of n-octadecanethiol surrounded by a film of BMPHA. Test platforms prepared
by immersion particle lithography enables control of the dimensions of surface sites to
construct supramolecular assemblies.
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1. Introduction
Considerable effort has been directed toward studies of monothiol-based self-assembled
monolayers on gold; however, the surface self-assembly of multidentate thiol adsorbates has received
far less attention, particularly at the molecular level. The stability of organosulfur-based adsorbates to
oxidation, heat, and exposure to light can limit the durability of surface films [1–10]. Multidentate
SAMs derived from thiol adsorbates exhibit enhanced thermal and chemical stability compared to
those derived from n-alkanethiols [8,11]. Having additional thiol moieties in the headgroup of these
adsorbates enables a chelate effect, which improves the stability of the films [12,13].
Previously, we investigated the surface self-assembly of tridentate 1,1,1-tris(mercaptomethyl)heptadecane with in situ studies using atomic force microscopy (AFM) [14]. The adsorption of
tridentate adsorbates proceeds via a more complex assembly pathway than that of monothiols since the
multidentate molecules require successive steps to form S–Au bonds to the surface. The bidentate
molecule selected for this study is 16-[3,5-bis(mercaptomethyl)phenoxy]hexadecanoic acid (BMPHA),
shown in Figure 1 [15]. The design of BMPHA incorporates two thiol groups placed at meta- positions
of a phenyl moiety, connected by bridging methylene groups. The distance between the two thiol
groups (5 Å) was designed to place the two sulfur atoms at binding sites of Au(111) without
substantial torsional strain [1,16]. The molecular backbone of BMPHA consists of a chain of sixteen
carbons terminated with carboxylic acid. The acid moiety can be used as a linker moiety for binding
proteins [17] or metals [18]. By changing immersion conditions, electrostatic interactions at the
interface can produce head-to-head linkages of acid endgroups to form bilayer films [19].
Figure 1. Structure of 16-[3,5-Bis(mercaptomethyl)phenoxy]hexadecanoic acid (BMPHA).
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Scanning probe based protocols of nanoshaving and nanografting have been applied to measure the
local thickness of organic films [19–21], for monitoring adsorption kinetics on surfaces [22,23],
to identify functional groups of n-alkanethiols [24,25], and to confine spatially the deposition of
DNA [26,27], proteins [17,28,29], and metals [18]. Nanofabrication based on scanning-probe methods
requires steps of rastering the probe to write each pattern individually. A high-throughput approach for
nanolithography with organic thin films has been developed that can generate billions of circular
nanopatterns at once, using surface masks of close-packed monodisperse mesospheres. Particle
lithography enables the manufacture of billions of regular nanopatterns with well-defined geometries
based on solution self-assembly and steps of drying and evaporation [30,31]. Arrays of
regularly-shaped nanostructures provide a foundation for further chemical reactions and are useful for
local AFM characterizations. For example, the areas that were masked by mesospheres furnish
exposed sites of Au(111) for depositing organothiols to generate multicomponent surface patterns with
selected functional groups.
The synthesis of multidentate thiol-based adsorbates offers opportunities for generating robust
interfaces of well-defined structure and composition. In our experiments, nanostructures of BMPHA
were prepared with close packed silica spheres on Au(111). Essentially, our strategy was to construct
spatially-selective containers of exposed sites of the substrate to direct the subsequent deposition of a
second molecule. Samples prepared by nanolithography with organic thin films enable side-by-side
comparisons of the surface structures of multidentate adsorbates versus n-alkanethiol monolayers
(i.e., film thickness, periodicity, surface properties). Surface characterizations were accomplished
using in situ imaging with AFM to provide fundamental measurements at the molecular level.
Scanning probe based lithography experiments employed a liquid sample cell for AFM studies, since
fresh reagents can be introduced to the system and step-wise surface changes before and after
nanofabrication can be monitored in situ. The multidentate SAMs provide a foundation for
constructing more complex assemblies at the nanoscale. Side-by-side imaging of the surface structures
of BMPHA versus n-octadecanethiol were accomplished with AFM. A bilayer of BMPHA was formed
on Au(111) by changing the immersion conditions (i.e., concentration and immersion time). The
thickness of monolayer and bilayer BMPHA thin films on Au(111) was evaluated by measurements
with nanoshaving, nanografting and immersion protocols with particle lithography.
2. Results and Discussion
Several protocols with scanning probe microscopy were conducted to investigate the self-assembly
and surface morphology of BMPHA on Au(111) in a liquid environment. Our goal was to obtain
side-by-side views of the morphology of BMPHA and n-alkanethiols films using AFM characterizations
of grafted nanopatterns. The known height of n-octadecanethiol (ODT) was used as a nanoscale ruler
to evaluate the thickness of BMPHA films prepared under selected conditions. Depending on the
concentration and immersion intervals, either single or double layers of BMPHA could be generated.
2.1. Nanoshaving within a Monolayer Film of BMPHA
A square nanoshaved pattern (200 × 200 nm2) within a SAM of BMPHA is shown in Figure 2. The
BMPHA film of the matrix area surrounding the nanoshaved hole was formed by 24 h immersion in
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0.1 mM solution. The nanoshaved area is the dark square in the topography image (Figure 2a) and
reveals the underlying gold substrate. The irregularly shaped bright patches at the top and bottom of
the nanoshaved square are residues of BMPHA removed by the AFM probe. To assess how effective
the nanoshaving parameters were for removal of BMPHA, the simultaneously acquired lateral force
image is shown in Figure 2b. The bright area of the square nanopattern located at the center of the
image indicates the exposed areas of the substrate, which indicates clean removal of BMPHA. The
tip-surface interactions mapped in lateral force frames are distinct for the gold surface and carboxylic
endgroups of BMPHA. The thickness of the BMPHA film can be evaluated with a local cursor
measurement, referencing the uncovered area of the substrate as a baseline at the bottom of the
nanoshaved square pattern (Figure 2c). The thickness of the BMPHA SAM measured 2.0 ± 0.2 nm,
which is in close agreement with the value obtained by ellipsometry [15]. A conservative error term of
0.2 nm is reported due to the roughness of the underlying gold substrate, which is based on the height
of a single gold terrace step.
Figure 2. Nanoshaving within a BMPHA monolayer. (a) Topography view of nanoshaved
square; (b) corresponding lateral force image; (c) height profile for the white line in a.

Compared to monodentate n-alkanethiols, a higher force was required to shave away the
multidentate BMPHA layer. For the example in Figure 1, the area was swept 20 times with 5 nN/m
applied force. Typically, n-alkanethiols can be nanoshaved with 4-6 sweeps at forces between 0.2 and
10 nN/M depending on the sharpness of the AFM probe. When nanoshaving n-alkanethiol SAMs in
ethanol, the displaced molecules are often dissolved in the surrounding liquid media so that no residues
are present at the edges of the patterns. However, with the bidentate example shown in Figure 2,
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BMPHA molecules formed aggregate assemblies that failed to dissolve fully in ethanolic media.
Intermolecular associations between the carboxylic acid groups and π-π interactions of the aromatic
moiety of BMPHA are sufficiently strong to induce aggregation, as indicated by surface residues at the
edges of the nanoshaved pattern.
2.2. Nanografting n-Alkanethiols within a Monolayer of BMPHA
The thickness and quality of the bidentate BMPHA films were examined further using protocols of
nanografting. Films of BMPHA were prepared on Au(111) by immersing a gold substrate into an
ethanolic solution (0.1 mM) for 24 h. A nanopattern of n-octadecanethiol (ODT) was inscribed within
a matrix of BMPHA (Figure 3) to enable a side-by-side comparison of the surface morphology. The
nanopattern of ODT appears to be slightly shorter in height than the surrounding areas of BMPHA
(Figure 3a) revealing a recessed square region containing overlapping gold steps. The concurrently
acquired lateral force image (Figure 3b) reveals distinct changes in the surface chemistry for the
regions of the ODT nanopattern and BMPHA matrix. The horizontal lines are produced by the left and
right raster pattern of the AFM probe. The expected height for a densely packed ODT monolayer is
2.1 nm, assuming a tilt angle of 28°. Residues of BMPHA are piled at the edges of the nanografted
pattern and provide a distinct boundary around the inscribed region of ODT; therefore, comparison of
the height differences at the pattern edges cannot be used to provide a reliable estimate of the BMPHA
film thickness for this example. Comparing the cursor measurement in areas beyond the edges of the
nanopattern reveals that the thickness of the BMPHA film is approximately the same as ODT, which
would correspond to a monolayer.
Figure 3. Side-by-side comparison of the surface morphology of ODT and a BMPHA
monolayer prepared on Au(111). (a) Nanografted pattern of ODT (300 × 300 nm2) viewed
with a contact-mode AFM topography image acquired in ethanol; (b) corresponding lateral
force image; (c) cursor profile for the line in a.
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The areas of BMPHA appear to have a rougher morphology in the areas surrounding the nanografted
ODT pattern (Figure 3a). A few small adsorbates are present on the BMPHA areas, and the density of
BMPHA is consistent with a loosely packed tailgroup assembly [31]. The differences in tip-surface
adhesive interactions are quite distinct in the lateral force image of Figure 3b. A monolayer of BMPHA
would present carboxylic acid moieties at the surface, whereas the nanopattern of ODT is terminated with
methyl groups, which produces distinct changes in color contrast for the lateral force frame.
Protocols of nanoshaving and nanografting can be accomplished within the same experiment by
rinsing and exchanging solutions with the AFM liquid sample cell. This protocol requires a stable
imaging environment, since it is easy to perturb the sample to displace the tip away from the
nanofabricated region. In the next in situ experiment, a 200 × 200 nm2 square of BMPHA molecules
was nanografted within a naturally grown BMPHA SAM (Figure 4). The nanopattern can be vaguely
distinguished near the center of the image, because the bottom corners of the pattern did not fill in
completely. Otherwise, the height of the nanografted area matches the height of BMPHA and is not
visible in the topography frame. After nanografting, the BMPHA solution was removed and replaced
with clean ethanol to enable nanoshaving. A square area (200 × 200 nm2) was swept at high force to
disclose the underlying gold substrate at the left side of the image. The nanoshaved area is easy to
distinguish as a dark square at the left side of the topography frame of Figure 4a.
Figure 4. Fabrication of a nanoshaved square and nanografted pattern of BMPHA side-by-side
within a monolayer film of BMPHA. (a) Contact-mode topography image acquired in ethanol;
(b) lateral force frame; (c) cursor profile for the line in a drawn across both nanopatterns.
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Although mostly indistinguishable, the square pattern of BMPHA was nanografted immediately to
the right of the nanoshaved pattern. The area in the center of the pattern with a nanografted pattern of
BMPHA has the same surface chemistry (-COOH) as the surrounding matrix and cannot be clearly
detected in the lateral force image (Figure 4b). However the nanoshaved square on the left side of the
frame is readily identifiable with brighter color.
Combining protocols of nanografting followed by nanoshaving is particularly useful to test if the
nanografting solution interacts to bind to the surface of the matrix layer. A representative line profile
across the nanoshaved area of Figure 4a shows that the thickness of the film measures 2.1 ± 0.2 nm,
referencing the bottom of the nanoshaved area as a baseline (Figure 4c). This thickness corresponds to
the expected height for a monolayer of BMPHA; consequently, there is no evidence of adsorption of
the nanografting solution to the BMPHA matrix. For the nanografted area, no difference in height was
detected for the nanografted patch of BMPHA versus the surrounding BMPHA film. This area can be
detected using the vague dark outline of the bottom corners of the nanografted square. Considering the
overall theoretical molecular length of BMPHA (2.53 nm); the tilt angle for a BMPHA monolayer would
measure ~34 degrees, assuming that both sulfurs of the bidentate molecule bind to the surface of gold.
2.3. Nanografting ODT within a Double Layer of BMPHA
A double layer film of BMPHA on Au(111) can be produced by changing the experimental
parameters of concentration and immersion intervals. A bilayer of BMPHA was formed by immersion
of a gold substrate in 5 mM ethanolic solution for 30 h. Nanopatterns were fabricated within a
BMPHA bilayer using sequential steps of nanoshaving and nanografting prepared as shown in Figure 5.
First, a rectangular area (200 × 300 nm2) was nanoshaved within the BMPHA film. Next, a solution of
ODT (1 mM) was injected into the sample cell, and a smaller rectangle was nanografted to the right of
the original nanoshaved area. At this concentration, we were unable to detect the growth of ODT
within the nanoshaved area over a period of less than one hour. Growth of ODT within nanoshaved
regions is greatly influenced by whether the area of the gold substrate is cleanly shaved. The
nanoshaved area is not a pristine gold surface for self-assembly and is not well-suited for studying
adsorption kinetics. For the rectangular nanopattern on the right side of Figure 5a, an aggregate of
residue removed from the nanoshaved area persists near the bottom of the rectangle. The nanografted
pattern of ODT has a taller mound of removed adsorbates at the top edge of the feature. Differences in
surface adhesion are mapped in the lateral force frame of Figure 5b, revealing different color contrast
for the matrix of BMPHA, the nanoshaved area, the nanografted ODT pattern, and adsorbate residues.
The patterns exhibit different depths within the BMPHA matrix, as shown with a representative line
profile in Figure 5c. The nanofabricated areas have heights that are shorter than the surrounding
BMPHA film. The thickness of the BMPHA matrix film measured using the depth of the nanoshaved
rectangle is 4.2 ± 0.2 nm, which corresponds to a bilayer. The difference in thickness for the
nanografted pattern on the right measured 2.1 ± 0.2 nm, which is consistent with the known thickness
for a monolayer of ODT. Additional examples of nanoshaved and nanografted patterns produced
within a BMPHA bilayer are provided in supporting information (Figure S1).
A model for the heights of the nanoshaved and nanografted patterns is presented in Figure 5d. In the
proposed model, a bilayer is formed by interactions between –COOH functional groups of BMPHA to
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form a head-to-head arrangement. Previously, double layers were detected with extended immersion or
higher concentrations of acid-terminated n-alkanethiol SAMs, such as 11-mercaptoundecanoic acid
and mercaptohexadecanoic acid [19]. For this model the bilayer of BMPHA presents dithiol moieties
at the interface. Notably, no BMPHA bilayer structures were observed when the SAMs were formed
from 1 mM ethanolic BMPHA followed by ex situ rinsing with water, THF, and ethanol [31].
The optimized threshold force was not determined for each experiment, and depends sensitively on
the sharpness of the AFM probe. The amount of force used for fabrication using either nanografting or
nanoshaving protocols were comparable for the monolayer or bilayer films of BMPHA. The
monolayer film in Figure 3 was fabricated using an applied force of 5.2 nN, whereas the bilayer film
shown in Figure 5 was accomplished with a force of 4.4 nN.
Figure 5. A nanoshaved area and nanografted pattern of ODT placed side-by-side within a
BMPHA bilayer. (a) Topography image; (b) lateral force frame; (c) cursor profile for a;
(d) proposed height model.

2.4. Nanofabrication Experiments with BMPHA Using Immersion Particle Lithography
Using immersion particle lithography, periodic arrangements of nanostructures were produced
through surface self-assembly of BMPHA and ODT on gold. Solution self-assembly of thiol-based
molecules on gold substrates enables construction of thin films with well-defined dimensions and
composition. Particle lithography enables exquisite design of interfacial chemistry by defining the
surface coverage of component molecules [30,32]. For protocols with BMPHA, a mask of
mesospheres was placed on template-stripped gold (TSG). Two immersion steps were used to prepare
islands of ODT within a matrix monolayer of BMPHA. In the first immersion step, the masked TSG
substrate was submerged in an ethanolic solution of BMPHA to prepare nanoholes. When the
mesosphere mask was removed, a periodic arrangement of uncovered areas of substrate is disclosed
(Figure 6a–c). The nanoholes were filled in by a second immersion step with ODT (Figure 6d–f). This
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protocol produced circular islands of methyl-terminated ODT surrounded by a matrix monolayer of
acid-functionalized BMPHA.
Figure 6. Nanopatterns prepared with ODT and BMPHA using immersion particle
lithography. (a) Nanoholes within BMPHA; (a') lateral force image; (b) successive
zoom-in topograph; (b') lateral force image; (c) cursor profile for the line shown in b;
(c') structural model of BMPHA nanostructures. (d) Nanoholes filled with ODT;
(d') corresponding lateral force frame; (e) zoom-in view of ODT nanopatterns; (e') lateral
force image; (f) cursor profile for the line in e; (f') chemical model of backfilled ODT
within BMPHA.
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Representative AFM images of samples prepared with the two immersion steps are presented in
Figure 6; the top panels are views of the nanoholes within BMPHA produced by particle lithography,
and the bottom panels were acquired for the same sample after backfilling with ODT. A periodic
arrangement of nanoholes is shown in Figure 6a; the dark circles of the topography frame are areas of
uncovered substrate and can be more clearly distinguished in the lateral force frame (Figure 6a'). There
are approximately 25 nanoholes within the 3 × 3 µm2 area, which would scale to an approximate
surface density of 108 nanostructures/cm2. The spacing between nanopatterns measures 500 nm,
matching the diameter of the silica mesospheres used for patterning. With immersion particle
lithography, the sizes of the nanoholes are exquisitely small because the areas where the beads make
physical contact are much smaller than the periodicity of the mesosphere surface mask. The shape of
the nanoholes is more clearly revealed in zoom-in views of Figure 6b,b'. Six sites of nanoholes are
shown within the 1.2 × 1.2 µm2 frame, defining the areas where the mesospheres were displaced. The
topography frames also resolve the shapes of the edges of steps and terraces of the gold substrate
beneath the BMPHA film. The depth of the nanoholes measures 2.1 ± 0.2 nm, shown with a
representative cursor profile in Figure 6c. A side-view model for a monolayer of BMPHA with areas
of uncovered gold is shown in Figure 6c'.
The nanoholes were backfilled with ODT by immersing the sample in a solution of 1 mM ODT in
ethanol for 24 h. Changes in surface morphology are readily apparent after backfilling, the locations of
the circular holes are no longer visible in the topography frames of Figure 6d,e. Since ODT and
BMPHA are similar in height, there is no clear height difference revealed in the topographs, as shown
with an example cursor profile in Figure 6f. However, the simultaneously acquired lateral force frames
disclose distinct differences in color contrast for the –COOH groups of BMPHA compared to
methyl-terminated ODT. Lateral force images enable visualization of the locations and sizes of the
ODT nanopatterns in Figure 6d',e'. Using the lateral force frames, the surface coverage of methyl and
acid headgroups was determined to be ~5%.
Immersion particle lithography was similarly applied for making islands of ODT within a bilayer
film of BMPHA (Figure 7). The bilayer was produced by using higher concentration of 4 mM
BMPHA immersed for 30 h. Approximately 60 nanoholes of uncovered TSG are visible within a
BMPHA bilayer for a 5 × 5 µm2 area, as shown in Figure 7a,a'. The diameter of the nanoholes
measures 110 ± 10 nm, with a surface coverage of 5%. A close-up view of three nanoholes is shown in
Figure 7b,b', revealing a somewhat rougher texture at the surface of the BMPHA bilayer. The
reference features of the underlying gold substrate cannot be distinguished in Figure 7b as was
apparent for the monolayer film of BMPHA (Figure 6a,b). Self-assembly of a monolayer of BMPHA
is mediated by binding through S-Au chemisorption to the gold substrate, whereas for the bilayer, the
second layer is formed through electrostatic head-to-head interactions between molecules. One might
predict that a bilayer film would be less densely packed than a monolayer, and the surface morphology
revealed in Figure 7b indicates that the packing density of the BMPHA bilayer has changed in
comparison to a monolayer film. The depth of nanoholes formed within the BMPHA was measured to
be 5.0 ± 1.2 nm (Figure 7c). This distance is slightly longer than expected for a double layer of
BMPHA, possibly attributable to adsorbates on the surface of the bilayer. A model of the side-view of
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the BMPHA bilayer is presented in Figure 7c', showing head-to-head interactions between carboxylic
acid groups that associate to form the double layer structure.
After backfilling the nanoholes with ODT, the patterns still appear as holes within the matrix film
of the BMPHA bilayer (Figure 7d,e). Images shown in the lower half of Figure 7 were acquired after
24 h immersion in 1 mM ODT in ethanol. The rougher texture of the BMPHA bilayer appears to be
smoother because of additional steps of rinsing and sonication to remove loose adsorbates.
Figure 7. Nanopatterns prepared in a bilayer of BMPHA using immersion particle
lithography. (a) Nanoholes exposing TSG within a BMPHA bilayer; (a') corresponding
lateral force image; (b) zoom-in view; (b') lateral force image; (c) cursor profile for the
line shown in b; (c') chemical model of BMPHA bilayer. (d) Nanoholes filled in with
ODT; (d') corresponding lateral force frame; (e) zoom-in view of ODT backfilled
nanopatterns; (e') lateral force image; (f) cursor profile for the line in e; (f') chemical
model of backfilled ODT within a bilayer of BMPHA.
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Features of the underlying gold substrate such as step edges can be vaguely resolved for areas of the
BMPHA bilayer in the zoom-in view of Figure 7e. Chemical maps of the areas of nanopatterns with
methyl headgroups are provided by the lateral force images (Figure 7d',e'). The depth of backfilled
nanoholes within BMPHA multilayer was measured to be 1.8 ± 0.2 nm (Figure 7f), which closely
matches the expected difference in thickness between a BMPHA bilayer and ODT. The measurement
of nanopattern depths extrapolates to a local thickness of 3.9 ± 0.2 nm for a BMPHA bilayer. The
proposed model for the height of the double layer pattern is shown in Figure 7f'.
3. Experimental Section
3.1. Materials
Octadecanethiol was purchased from Sigma Aldrich (St. Louis, MO, USA) and used as received.
The new adsorbate of interest, 16-[3,5-bis(mercaptomethyl)phenoxy]hexadecanoic acid (BMPHA) was
synthesized as previously reported [15]. Ethanol (200 proof) was obtained from Pharmco-AAper
Alcohol and Chemical Co. (Shelbyville, KY, USA) and used as the diluent for preparing thiol
solutions. Gold pellets (99.99% purity) were purchased from Ted Pella (Redding, CA, USA).
3.2. Preparation of Organic Thin Films on Au(111)
To prepare films of BMPHA for scanning-probe based nanolithography protocols, commercially
obtained gold substrates were rinsed with ethanol and submerged in thiol solutions for specifically
designated immersion intervals. Films of BMPHA were rinsed with ethanol and then characterized
with AFM with protocols of nanoshaving and nanografting. Flame-annealed gold films on mica
substrates (150 nm thickness) were purchased from Agilent Technologies (Chandler, AZ, USA).
3.3. Preparation of Template-Stripped Au(111)
Template-stripped gold (TSG) films on glass substrates were prepared as reported previously [33].
Gold pellets were deposited in a high-vacuum thermal evaporator (Angstrom Engineering Inc.,
Kitchener, OR, USA) at 10−7 Torr onto freshly cleaved pieces of Ruby muscovite mica (S&J Trading
Inc., Glen Oaks, NY, USA). The mica was preheated to 350 °C prior to gold deposition using quartz
lamps mounted behind the sample holder. A deposition rates of 3 Å/s was used to prepare films of
150 nm overall thickness. After deposition, the gold substrates were annealed at 365 °C under vacuum
for 30 min and cooled to room temperature. The gold film was glued to glass slides as previously
reported by Hegner et al. [34]. The gold substrates and glass slides were rinsed with deionized water
and placed into a UV-ozone generator for 30 min. Epoxy (EPO-TEK, Billerica, MA, USA) was mixed
(1:1) and immediately deposited onto the glass slides. The glass slide was placed onto the gold surface
so that the drop of epoxy formed a thin film without any air bubbles. The samples were then heated in
oven at 150 °C for 2 h to anneal the epoxy. After cooling to room temperature, the glass pieces were
carefully peeled from the mica to form TSG.
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3.4. Immersion Particle Lithography with Masks of Silica Mesoparticles
Size-sorted, monodisperse silica mesospheres (500 nm diameter, Thermo-Fisher Scientific,
Waltman, MA, USA) were deposited on TSG as surface masks for immersion particle lithography.
Aqueous solutions of silica mesospheres were cleaned by centrifugation to remove surfactants or
contaminants. A volume of 300 μL of the silica mesosphere solution was placed into a microcentrifuge
tube and centrifuged for 20 min at 20,000 rpm. A solid pellet formed at the bottom of the centrifuge
tube, and the supernatant was removed and replaced with deionized water. The pellet was resuspended
with deionized water by vortex mixing. The washing cycle was repeated four times. The concentration
of silica mesospheres used as surface mask was 2% weight/volume. Freshly-stripped pieces of TSG
were cleaned by rinsing copiously with ethanol. A drop (10–15 μL) of the mesosphere solution was
deposited onto the TSG substrates and dried under ambient conditions to form surface masks for
nanolithography. The mesosphere masks were annealed by heating at 150 °C for 12 h; the heating step
enabled the masked substrates to be immersed in solvent solutions for preparing films on TSG. The
mesospheres could be removed in a later step by sonication in ethanol. Further details for the
procedure of particle lithography with immersion are described with Supplemental Figure S2.
3.5. Atomic Force Microscopy
Models 5500 and 5420 scanning probe microscopes (Agilent Technologies) equipped with
PicoView v1.12 software were used for AFM characterizations. Images were acquired using contact
mode in a liquid cell containing ethanolic solutions. Imaging and nanofabrication were accomplished
with silicon nitride tips with an average spring constant of 0.6 N/m (Bruker Instruments, Camarillo,
CA, USA). A scan rate of 1 line/s with a typical image force less than 1 nN were used for AFM
imaging. A liquid cell made from polycarbonate was used for nanoshaving and nanografting
experiments. Digital images were processed and analyzed with Gwyddion v. 2.30 [35].
3.6. Scanning Probe-Based Nanolithography (Nanoshaving and Nanografting)
Nanoshaving and nanografting experiments with SAMs were done as previously described [36,37].
To accomplish nanoshaving, the probe is swept multiple times across a small region with a higher
mechanical force applied to the AFM tip. The sweeping action of the probe is used to remove or
displace molecules of the matrix SAM. The area can be characterized in situ using the same probe by
returning to low force for nondestructive AFM imaging. The amount of force that is required and the
number of times needed to cleanly sweep an area needs to be evaluated for each experiment,
depending on the sharpness of the probe. Nanoshaving can be done in either ambient air or in a liquid
environment. In air, the molecules are displaced to form piles at the edges of the nanoshaved patterns.
In liquid media, the shaved molecules can be swept away to produce clean edges at the sides of
nanopatterns. Nanografting is accomplished in a liquid environment that contains the selected
molecules for patterning. A single sweep of the selected area at high force is used to remove molecules
of the matrix SAM simultaneously as molecules from solution self-assemble onto uncovered areas of
the substrate. Returning to low force for in situ imaging the nanografted patterns can be characterized
using the same AFM probe. The fabrication step of nanografting is depicted in Figure 8. Advantages of
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nanoshaving and nanografting are that a liquid environment enables in situ studies of surface changes
with high resolution. The nanopatterns that are produced in the fabrication steps can be imaged under
low force with the same AFM tip as a tool for imaging and nanofabrication.
Figure 8. Operation of an AFM probe under force to accomplish nanografting.

4. Conclusions
Protocols for AFM-based nanolithography as well as immersion particle lithography were used to
evaluate the morphology and thickness of bidentate BMPHA on Au(111). The established thickness of
monodentate ODT was used as a reference for in situ measurements of film thickness. Either
monolayer or bilayer films of BMPHA can be formed on Au(111) by controlling the parameters of
solution concentration and the duration of immersion in ethanolic solution. The thickness of monolayer
films of BMPHA measured 2.0 ± 0.2 nm, which is consistent with previous measurements reported
using ellipsometry. Assuming that both thiols of BMPHA bind to gold, this value would correspond to
a tilt angle of 34° from the surface normal. Head-to-head dimerization between interfacial carboxylic
groups can produce bilayers of BMPHA, as has previously been demonstrated for n-alkanethiols with
carboxylic acid groups. Both monolayer and bilayer films of BMPHA could be generated using
immersion particle lithography. Periodic island nanopatterns of ODT were grown within nanoholes of
BMPHA, constructed with a successive step of sample immersion in SAM solution. Future directions
for this research will be to develop protocols to compare the long-term stability of bidentate versus
monodentate structures using nanofabricated test structures.
Supplementary Materials
Additional AFM images of nanoshaving and nanografting experiments accomplished within a
BMPHA bilayer (Figure S1) and further details for the protocols for immersion particle lithography
(Figure S2) are provided as Supporting Information. Supplementary materials can be accessed at:
http://www.mdpi.com/1420-3049/19/9/13010/s1.

Molecules 2014, 19

13024

Acknowledgments
The authors gratefully acknowledge financial support from the National Science Foundation
Career/PECASE award (CHE-0847291), the American Chemical Society Petroleum Research Fund
(New Directions Program, 52305-ND) and the Camille Dreyfus Teacher-Scholar Program. The work
performed at the University of Houston was generously supported by the Robert A. Welch Foundation
(Grant No. E-1320) and the Texas Center for Superconductivity at the University of Houston.
Author Contributions
Scanning probe experiments were accomplished by X. Zhai and T. Tian under the direction of
J. C. Garno. The article was written by X. Zhai with contributions and editing by all of the coauthors.
Synthetic work was accomplished by H. J. Lee under the direction of T. R. Lee.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.
2.

3.

4.

5.

6.

7.
8.

9.

Chinwangso, P.; Jamison, A.C.; Lee, T.R. Multidentate Adsorbates for Self-Assembled
Monolayer Films. Acc. Chem. Res. 2011, 44, 511–519.
Carbonell, L.; Whelan, C.M.; Kinsella, M.; Maex, K. A thermal stability study of alkane and
aromatic thiolate self-assembled monolayers on copper surfaces. Superlattice Microstruct. 2004,
36, 149–160.
Ebbens, S.; Hutt, D.; Liu, C. The Thermal Stability of Alkanethiol Self-Assembled Monolayers on
Copper for Fluxless Soldering Applications. IEEE Trans. Compon. Packag. Technol. 2010, 33,
251–259.
Hakamada, M.; Takahashi, M.; Furukawa, T.; Tajima, K.; Yoshimura, K.; Chino, Y.; Mabuchi, M.
Electrochemical stability of self-assembled monolayers on nanoporous Au. Phys. Chem. Chem. Phys.
2011, 13, 12277–12284.
Ito, E.; Kang, H.; Lee, D.; Park, J.B.; Hara, M.; Noh, J. Spontaneous desorption and phase
transitions of self-assembled alkanethiol and alicyclic thiol monolayers chemisorbed on Au(111)
in ultrahigh vacuum at room temperature. J. Colloid. Interface Sci. 2013, 394, 522–529.
Li, J.; Ang, X.F.; Lee, K.H.; Romanato, F.; Wong, C.C. In-situ monitoring of the thermal desorption
of alkanethiols with surface plasmon resonance spectroscopy (SPRS). J. Nanosci. Nanotechnol.
2010, 10, 4624–4628.
Ramin, L.; Jabbarzadeh, A. Odd-even effects on the structure, stability, and phase transition of
alkanethiol self-assembled monolayers. Langmuir 2011, 27, 9748–9759.
Srisombat, L.-O.; Zhang, S.; Lee, T.R. Thermal stability of mono-, bis-, and tris-chelating
alkanethiol films assembled on gold nanoparticles and evaporated “flat” gold. Langmuir 2010, 26,
41–46.
Stettner, J.; Winkler, A. Characterization of Alkanethiol self-assembled monolayers on gold by
thermal desorption spectroscopy. Langmuir 2010, 26, 9659–9665.

Molecules 2014, 19

13025

10. Subramanian, S.; Sampath, S. Enhanced thermal stability and structural ordering in short chain
n-alkanethiol monolayers on gold probed by vibrational spectroscopy and EQCM.
Anal. Bioanal. Chem. 2007, 388, 135–145.
11. Srisombat, L.O.; Park, J.S.; Zhang, S.; Lee, T.R. Preparation, characterization, and chemical
stability of gold nanoparticles coated with mono-, bis-, and tris-chelating alkanethiols. Langmuir
2008, 24, 7750–7754.
12. Srisombat, L.; Jamison, A.C.; Lee, T.R. Stability: A key issue for self-assembled monolayers on
gold as thin-film coatings and nanoparticle protectants. Colloids Surf. A 2011, 390, 1–19.
13. Zhang, S.S.; Leem, G.; Srisombat, L.O.; Lee, T.R. Rationally designed ligands that inhibit the
aggregation of large gold nanoparticles in solution. J. Am. Chem. Soc. 2008, 130, 113–120.
14. Tian, T.; Singhana, B.; Englade-Franklin, L.E.; Zhai, X.; Lee, T.R.; Garno, J.C. Surface assembly
and nanofabrication of 1,1,1-tris(mercaptomethyl)heptadecane on Au(111) studied with time-lapse
atomic force microscopy. Beilstein J. Nanotechnol. 2014, 5, 26–35.
15. Lee, H.J.; Jamison, A.C.; Yuan, Y.; Li, C.-H.; Rittikulsittichai, S.; Rusakova, I.; Lee, T.R. Robust
carboxylic acid-terminated organic thin films and nanoparticle protectants generated from
bidentate alkanethiols. Langmuir 2013, 29, 10432–10439.
16. Garg, N.; Lee, T.R. Self-assembled monolayers based on chelating aromatic dithiols on gold.
Langmuir 1998, 14, 3815–3819.
17. Wadu-Mesthrige, K.; Amro, N.A.; Garno, J.C.; Xu, S.; Liu, G.-Y. Fabrication of nanometer-sized
protein patterns using AFM and selective immobilization. Biophys. J. 2001, 80, 1891–1899.
18. Garno, J.C.; Zangmeister, C.D.; Batteas, J.D. Directed electroless growth of metal nanostructures
on patterned self-assembled monolayers. Langmuir 2007, 23, 7874–7879.
19. Kelley, A.T.; Ngunjiri, J.N.; Serem, W.K.; Lawrence, S.O.; Yu, J.J.; Crowe, W.E.; Garno, J.C.
Applying AFM-based nanofabrication for measuring the thickness of nanopatterns: The role of
head groups in the vertical self-assembly of omega-functionalized n-alkanethiols. Langmuir 2010,
26, 3040–3049.
20. Yu, J.H.; Ngunjiri, J.N.; Kelley, A.T.; Gano, J.C. Nanografting versus solution self-assembly of
alpha,omega-alkanedithiols on Au(111) investigated by AFM. Langmuir 2008, 24, 11661–11668.
21. Brower, T.L.; Garno, J.C.; Ulman, A.; Liu, G.-Y.; Yan, C.; Golzhauser, A.; Grunze, M.
Self-assembled multilayers of 4,4'-dimercaptobiphenyl formed by Cu(II) oxidation. Langmuir
2002, 18, 6207–6216.
22. Xu, S.; Laibinis, P.E.; Liu, G.-Y. Accelerating the kinetics of thiol self-assembly on gold—A
spatial confinement effect. J. Am. Chem. Soc. 1998, 120, 9356–9361.
23. Torun, B.; Ozkaya, B.; Grundmeier, G. Atomic Force Microscopy (AFM)-based nanografting
for the study of self-assembled monolayer formation of organophosphonic acids on Al2O3
single-crystal surfaces. Langmuir 2012, 28, 6919–6927.
24. Te Riet, J.; Smit, T.; Gerritsen, J.W.; Cambi, A.; Elemans, J.A.A.W.; Figdor, C.G.; Speller, S.
Molecular friction as a tool to identify functionalized alkanethiols. Langmuir 2010, 26, 6357–6366.
25. Te Riet, J.; Smit, T.; Coenen, M.J.J.; Gerritsen, J.W.; Cambi, A.; Elemans, J.A.A.W.; Speller, S.;
Figdor, C.G. AFM topography and friction studies of hydrogen-bonded bilayers of functionalized
alkanethiols. Soft Matter 2010, 6, 3450–3454.

Molecules 2014, 19

13026

26. Liu, M.; Amro, N.A.; Chow, C.X.; Liu, G.-Y. Production of nanostructures of DNA on surfaces.
Nano Lett. 2002, 2, 863–867.
27. Liang, J.; Castronovo, M.; Scoles, G. DNA as invisible ink for AFM nanolithography. J. Am.
Chem. Soc. 2011, 134, 39–42.
28. Case, M.A.; McLendon, G.L.; Hu, Y.; Vanderlick, T.K.; Scoles, G. Using nanografting to achieve
directed assembly of de novo designed metalloproteins on gold. Nano Lett. 2003, 3, 425–429.
29. Ngunjiri, J.N.; Garno, J.C. AFM-based lithography for nanoscale protein assays. Anal. Chem.
2008, 80, 1361–1369.
30. Li, J.-R.; Garno, J.C. Elucidating the role of surface hydrolysis in preparing organosilane
nanostructures via particle lithography. Nano Lett. 2008, 8, 1916–1922.
31. Saner, C.K.; Lusker, K.L.; LeJeune, Z.M.; Serem, W.K.; Garno, J.C. Self-assembly of
octadecyltrichlorosilane: Surface structures formed using different protocols of particle
lithography. Beilstein J. Nanotechnol. 2012, 3, 114–122.
32. Li, J.-R.; Lusker, K.L.; Yu, J.-J.; Garno, J.C. Engineering the spatial selectivity of surfaces at the
nanoscale using particle lithography combined with vapor deposition of organosilanes. ACS Nano
2009, 3, 2023–2035.
33. Bu, D.; Mullen, T.J.; Liu, G.-Y. Regulation of local structure and composition of binary disulfide
and thiol self-assembled monolayers using nanografting. ACS Nano 2010, 4, 6863–6873.
34. Hegner, M.; Wagner, P.; Semenza, G. Ultralarge atomically flat template-stripped Au surfaces for
scanning probe microscopy. Surf. Sci. 1993, 291, 39–46.
35. Necas, D.; Klapetek, P. Gwyddion: An open-source software for SPM data analysis. Cent. Eur.
J. Phys. 2012, 10, 181–188.
36. Xu, S.; Liu, G.-Y. Nanometer-scale fabrication by simultaneous nanoshaving and molecular
self-assembly. Langmuir 1997, 13, 127–129.
37. Xu, S.; Miller, S.; Laibinish, P.E.; Liu, G.-Y. Fabrication of nanometer scale patterns within
self-assembled monolayers by nanografting. Langmuir 1999, 15, 7244–7251.
Sample Availability: Samples of the compounds are not available.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

